Abstract-In this paper, we present the design of probe excitations for 7-and 10.5-T traveling-wave wide-bore magnetic resonance imaging systems. The probes are 297-and 447-MHz coaxially fed microstrip patches, designed to give a circularly polarized magnetic field when placed in the metallic bore waveguide. Images of a water phantom using the patch probes are obtained and compared with full-wave electromagnetic simulations. Additionally, periodic axial metal strip cylinders are inserted into the bore, resulting in improved field uniformity in a phantom with a simultaneous increase in SNR. The numerical analysis for nonquasi-static fields can be computationally intensive, and the numerical error for finite-element simulations is quantified using modified boundary conditions of the system. When the waveguide effects are taken into account, the mode content in the images compares well to full-wave simulations.
I. INTRODUCTION

C
URRENT clinical magnetic resonance imaging (MRI) scanners operate at low frequencies, 64 MHz for 1.5 T and 128 MHz for 3 T, where the imaging volume is electrically small. This allows the use of a quasi-static approximation for design of reactive near-field RF excitation coils [1] - [4] . For these systems, uniform spatial coverage is achieved by phasing reactive near-field coils; however, this approach is only valid when the imaging volume is electrically small. For higher static magnetic fields of 7 and 10.5 T, desired for higher resolution, the imaging volume of a wide-bore system is larger than a wavelength and the bore becomes an overmodeled waveguide that can benefit from a traveling-wave excitation, as demonstrated in [5] and [6] . The use of travelingwave excitations can increase the spatial coverage of a single probe in samples that are larger than the wavelength of the NMR signal. In this paper, experiments use a whole-body Siemens 7-T system equipped with an Agilent magnet with a bore that is 3.366 m in length with a diameter of 90 cm. The Larmor frequency at 7 T is 297 MHz, corresponding to a free-space wavelength of 1.01 m and a wavelength in the water-based phantom (ε r = 81) of 11.22 cm. The 90-cm open bore fits a human and is above the cutoff frequency for at least one mode of the bore when viewed as a cylindrical metallic waveguide loaded with a high dielectric constant, such as biological tissue, Fig. 1 .
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spatial resolution [8] , [9] , better parallel imaging performance and potential for improved contrast [10] . Traveling-wave MRI has been successfully demonstrated at various field strengths, including wide-bore 7 and 9.4 T [5] , [11] , [12] and small-bore animal 16-and 21.1-T systems [13] . Current clinical machines and small-bore systems do not support traveling waves unless high dielectric inserts [14] or coaxial transmission lines [15] are added for mode propagation. The addition of dielectric loading [16] - [18] or multiple excitations [19] can be used in ultrahigh field systems to help improve homogeneity; however, these solutions can be large and heavy. Several RF probe designs have been used in highmagnetic field MR systems, including loop coils [20] , electric dipoles [21] , standard patch antennas [5] , [19] , [22] , microstrip radiators [23] - [25] , coaxial waveguide [18] , and monofilar helix [26] . These probes couple energy to the loaded waveguide modes, with the goal of providing as uniform of a circularly polarized B-field as possible inside the object to be imaged. A circular polarization in the direction of the precession of the spins is required to excite the protons in the imaging volume. A few different methodologies have been used for microstrip radiator arrays. Simple straight parallel microstrip lines are not effective, since the B-field generated is not balanced across the whole line. One method to improve the uniformity across the line uses a trapezoidal shape [23] to tailor the field to be uniform across the line. A high degree of isolation is also desired between elements, which is typically achieved with decoupling networks using lumped capacitors and inductors [27] ; however, this technique can lead to a large separation between elements or small component values at high fields that may not be realizable. Another method to improve coupling to the imaging volume is adding more elements; however, the close proximity of elements reduces isolation. Reference [24] alternates between the first and second harmonic microstrip elements to increase the number of elements to 16, with a simultaneous increase in the number of elements and the isolation.
In [28] , the design of a patch-based probe for a 16.4-T small-bore animal MRI system is demonstrated and showed high SNR improvements compared with loop-based probes thus enabling the first reported true spin echo (180°pulse refocusing) measurement with a traveling-wave setup. Spin echo measurements often cannot be obtained with travelingwave excitation because of insufficient RF transmission into the sample, requiring excessive RF power. Here, we present extensions of this paper to human-size (67-cm diameter) bore 7-and 10.5-T systems.
This paper is organized as follows. In Section II, the overall system geometry and probe layout are given, along with additional modifications of the bore, such as copper strip arrays and electrically hard surfaces, which enable improved field uniformity. Section III details simulations and measurements on the 7-T system, including dependence of image quality on geometric parameters, such as probe distance from phantom and boundary condition modification. Section IV presents multiple probe transmit and receive results at 7 T, including experimental and simulated observations related to relative phasing between the two. Section V summarizes results for the 10.5-T system, and, finally, Section VI presents a discussion on the numerical analysis. For all simulations presented here, Ansys high frequency structural simulator (HFSS) full-wave electromagnetic finite-element solver is used. Gradient nonlinearities are not corrected for, resulting in well-known barrelshaped experimental image distortion instead of a correct restitution of the cylindrical shape of the physical phantom.
II. SYSTEM AND PROBE LAYOUT
The systems used in this paper are two whole body human dimensioned (67-cm bore) MR scanners operating at 7 and 10.5 T (Siemens, Erlangen, Germany). The spin excitation (Larmor) frequency is determined by
where γ is the gyromagnetic ratio and B 0 is the static magnetic field. Using the gyromagnetic ratio of hydrogen, γ = 42.58 MHz/T, the proton Larmor frequency is calculated to be 297 MHz at 7 T and 447 MHz at 10.5 T [1] . Whole body MR systems, including high field, are built around wide-bore magnets that accommodates the size of a human body. In MRI, slice orientations include three orthogonal planes defined as sagittal, coronal, and axial as shown in Fig. 1(a) , dividing the body in left and right, anterior and posterior, cranial and caudal portions, respectively. Sagittal cuts crossing the magnet isocenter will be presented in the remainder of this paper, as single coronal cuts centered cuts missed the phantom isocenter due to an off-centered elevation of the phantom holder in the vertical direction. Circular patch antennas have been used in traveling-wave MRI [5] due to the circular nature of the currents and higher directivity than dipoles of the same size fed in quadrature. Although some antenna theory and approaches are used in the design of the patch, it is not actually an antenna in free space, but rather a probe that couples to modes in the loaded bore waveguide. Therefore, the modeling is done with a metal cylinder the size of the bore, and the distance to the phantom is varied to verify the traveling-wave conditions. Coupling of the circularly polarized magnetic field into the phantom is examined in simulations by observing the transverse components of the B-field.
A. System Dimensions
The wide-bore system in Fig. 1(b) shows the relevant dimensions and position in the bore of the gradient coil, the water phantom, and patch probe. The two systems are nearly identical dimensionally (both are equipped with the same gradient coil), other than the complete bore length. The 7-T system is 336.5 cm long while the 10.5-T system is longer by about one-fifth, at 410 cm. The electrical lengths are, however, greatly different, thus producing different mode structures. The cutoff frequency for the TE 11 mode of the air-filled circular waveguide (bore) can be calculated using [29] 
where a is the radius of the waveguide. For the 7-T system, the cutoff frequencies are found to be 199.8 MHz in the bore and 262.4 MHz inside the gradient coil. With the addition of a high permittivity dielectric, the cutoff frequencies will decrease, allowing for the propagation of additional modes. The first four propagating modes for a 7-T MRI are solved for in [30] 
B. Circular Patch Probe
A circular patch with an outer ring and slots is chosen as an excitation source due to the circular nature of the current on the patch and compact design [31] . The uneven slots in the ground plane enable single coaxial feed right-handed circular polarization. The probe is implemented using FR-4 62.5-milthick substrate with ε r = 4.35 at 297 MHz. The probe is designed using full-wave simulations for 297-MHz excitation with dimensions seen in Fig. 1(c) . The 5.45-mm-wide slots in the ground plane are 15.4 and 15.22 cm long, creating a righthanded circular polarized current distribution, with the feed diagonally 2.55 cm from the center. The probe is fed using a coaxial feed using an SMA coaxial connector excites the inner circularly shaped metal. The single feed and uneven slots create a quadrature current excitation which enables circular polarization. For the opposite sense circular polarization, the feed can be moved 90°around the patch in either direction. The probe for 10.5 T is implemented using the same FR-4 substrate with a permittivity of ε r = 4.25. The dimensions can be seen in Fig. 1 (c) with 2.5-mm-wide slots that are 11.25 and 11.03 cm long and the feed 2.05 cm from the center. The ground plane is much larger than necessary to provide mounting similar to the 7-T probe experiments. Both probes exhibited a measured narrowband 10-MHz bandwidth return loss greater than 15 dB with no additional matching inside the bore. The probe is placed at a distance d from the phantom as shown in Fig. 1(b) . This distance varies depending on the experiment.
The quality of the near-field circular polarization is determined by the currents of the probe. Right-handed circular polarization is defined by the electric field tracing a clockwise circle from the receiver's point of view. The magnitude of the current density on the top conductors as the phase advances is shown in Fig. 2 . The magnitude of the current density on the ground plane can be seen in Fig. 3 . The slots behave similar to dipoles in quadrature where in Fig. 3 (b) the current density fully illuminates the vertical slot. As the current advances 90°, the current density in Fig. 3 (e) fully illuminates the horizontal slot. As a result of this behavior, the magnitude of the current density traces an elliptical pattern. When simulated as an antenna, the probes exhibit a 1-dB far-field axial ratio.
C. Electrically Hard Surface
Experiments from [28] show that field coupling and distribution can be improved by modifying the modes in the bore through changing the boundary conditions. For example, electrically hard surfaces are used in horn antennas to increase aperture efficiency [32] . A longitudinally corrugated surface where the tangential electric and longitudinal magnetic fields are equal to zero along the surface is referred to as an electrically hard surface [33] . Electrically hard surfaces can either be formed by implementing dielectric-filled longitudinal corrugations or longitudinal conducting strips on a dielectric horn antenna [32] .
For experiments presented in this paper, longitudinal conducting strips are implemented without a dielectric. Since it is an approximation to a hard surface, we refer to it as a copper strip array, and simulations show that only the magnitude of the fields is slightly affected by eliminating the dielectric. The longitudinal strips are implemented using copper tape on a thin plastic sheet and wrapped around the dielectric phantom, Fig. 4 . The strips are 3 cm wide with 3 cm separation and the length is varied for different experiments.
III. 7-T SIMULATED AND EXPERIMENTAL RESULTS
The distance between the probe and the phantom is varied to help determine the optimal location for the best signal strength and SNR. The copper strip structure is then set up in various configurations to analyze the effect on SNR and signal intensity. All images are taken using a gradient recalled echo sequence for an FOV of 20 × 40 cm 2 with a small flip angle. This small flip angle regime preserves direct proportionality between the magnitude of the detected MR signal originating inside the phantom and the corresponding excitation field magnitude distribution. Note that the detected signal is also proportional to the receive field magnitude and to the proton density of the phantom.
The probe is placed d = 15 cm from the phantom and simulated to measure the effects of several extra physical features as shown in Fig. 5 . The features modeled include the plastic covering over the gradient coil, the foam that is used to support the cylindrical phantom, and the plastic patient table. Fig. 6 shows the result with and without the extra features modeled. The extra features cause an asymmetry in the fields toward the foam holder (left side of the plot), deforming the center mode pattern from the oval shape shown in Fig. 6(b) . The result shown in Fig. 6(b) is used as the basis for comparing all results.
A. Distance Sweep From the Phantom
With its long axis parallel to the long axis of the magnet, the phantom is positioned at the center of the latter along the foot-head direction, and slightly off-centered above the The experimental results, Fig. 7 , are plotted as magnitude images using a DICOM viewer and individually scaled to show the overall mode pattern. The first distance, d = 4.5 cm and Fig. 7(a) , shows a vertical asymmetry in the mode pattern, corresponding to a degradation in the circular polarization, which results in wasted power in the cross-polarized field. The second distance, d = 15 cm and Fig. 7(b) , shows excellent matching with the simulated mode pattern [ Fig. 6(b) ], with reasonable SNR. The image, however, is slightly skewed due to the physical mounting of the probe. The semirigid cables and magnetic solder prevent perfect vertical positioning of the probe and the foam phantom holder creates a material discontinuity. The next distance, d = 25 cm and Fig. 7(c) , shows a similar image to the 15 cm case but of slightly lower magnitude and SNR. The last case, d = 40 cm and Fig. 7(d) , shows very little signal coupled and low SNR. These results indicate that between 15 and 40 cm there is a consistent field profile based off the probe excitation and a traveling wave is indeed excited.
The magnitude of the simulated response is shown in Fig. 7 (e) (left) and the SNR, Fig. 7 (e) (right) calculated according to [34] with a 1-cm square box in the center mode pattern used for comparison. Distances between 15 and 25 cm are usable, with only limited magnitude variation and a preserved overall mode pattern. Beyond 25 cm, however, the distance is too long, leading to decreased signal strength, thus lower SNR, which translates into lower image quality. From these results, 15 cm is taken to be the best location and is used for future experiments.
The distance, d, between the phantom and the excitation plays two critical roles. First, the cross polarization effects and reflected power become greater as the probe moves closer to the phantom due to the large discontinuity of the high dielectric constant phantom. The farther the probe is from the phantom, the more consistent the frequency response and circular polarization will be for different dielectrics. Second, as the probe moves farther away, the SNR degrades due to the decrease in overall coupled field, but the peak magnitude (located close to the probe) stays fairly high. This field imbalance causes a degradation of the mode features farther into the phantom and produces an overall noisier image. The resulting pattern may be expected to be clinically unusable. Furthermore, there is a large deviation between the maxima and the middle and edge field magnitudes along with large gaps in field coverage. To remedy this deviation, the field should be homogenized, which can be addressed by changing the boundary conditions, as described next.
B. Copper Strip Array Experiments
Next, experiments are run with d = 15 cm and with the copper strip array (Fig. 4) for the following cases: (a) no copper strip array; (b) strips covering the 37.5-cm phantom [ Fig. 8(b) ]; (c) strips covering the 15-cm air gap [ Fig. 8(a) ]; (d) strips covering the 30-cm air gap; (e) strips covering the 15-cm air gap and phantom (Fig. 4) .
The simulated results corresponding to the above-mentioned configurations are shown in Fig. 9 . The magnitude of the field of the first strips experiment is similar to the case with no copper strip array, but broadens slightly at the top of the phantom and reduces the field away from the probe. The second strips experiment creates a classical near-field absorption parameter with high field concentrated close to the probe and little elsewhere as shown in Fig. 9(c) . To try and balance the possible near-field pattern with the field in the rest of the phantom, the probe is moved out to d = 30 cm. Fig.  9 (d) shows a result similar to Fig. 9 (a) but with increased field strength, and a mode pattern which is more visible across the entire image compared with Fig. 9(c) . The last case moves the probe back to d = 15 cm and uses the copper strip array covering the 15-cm air gap and the 37.5-cm phantom.
Experimentally, the copper strip array performs as expected, as shown in Fig. 10 . For the first experiment, Fig. 10(b) , the field coupling is comparable to Fig. 10(a) , but the mode pattern has changed. The top mode pattern has spread, as expected with the copper strip array. The lower mode pattern is faint compared with the upper pattern, while the middle mode pattern disappears almost completely. This could in principle be desirable for an application focusing solely on a region close to one edge of the imaging volume, such as the brain. The mode pattern farthest from the excitation is a result of the impedance discontinuity between the phantom and the air and would vanish in a longer or higher loss phantom.
In the second experiment with the d = 15 cm air gap, the copper strips and close distance results in a large amount of field coupled at the near end of the phantom compared with the rest. This shifts the scale and causes the image to appear almost blank as shown in Fig. 10(c) . In an attempt to balance the field, the probe is pushed back to d = 30 cm, Fig. 10(d) . This pattern is nearly identical to that of Fig. 10(d) . With this structure and double the separation, the magnitude of the field coupled is much higher than in the case with no copper strip array, Fig. 10(a) .
Creating a complete copper strip array that extends from the probe to the end of the phantom, yields an image with higher SNR and spreads the field more over the first 10 cm of the phantom, Fig. 10(e) . The SNR is seven times higher than the case with no copper strip array, Fig 10(a) , as shown in Table I . The large SNR improvement is a result of the copper strip array covering the air gap, while the mode change is due to the copper strip array covering the phantom. The SNR presented in Tables I and II is calculated using a 1-cm 2 square around the maximum field intensity.
It was found that the copper strip array has an impact when placed within 1 cm of the imaging volume. If it is placed any farther, the effect begins to diminish. Imaging a human with this setup poses a few difficulties. The strips must be placed in such a way that they do not irritate the patient, that is, they are placed away from sensitive areas, such as the ears, eyes, nose, and mouth. For a head scan, these can be placed primarily over the volume that encompasses the brain. Additionally, any metal in contact with the skin will cause a peak in specific absorption rate and undesired local heating. Simply placing a Simulated results for relative phasing of (a) 180°, (b) 0°, and (c) 90°between the two probes, normalized to a total input power of 1 W. Fig. 13 . Simulated results for relative phasing of (a) 180°, (b) 0°, and (c) 90°between the two probes with the added copper strip array, normalized to a total input power of 1 W. Note the field magnitude is four times higher than the case without a copper strip array in Fig. 12. dielectric layer less than 0.5 cm thick under the strips reduces this peak inside the body without reducing the effect of the copper strip array.
IV. 7-T MULTIPLE PROBE TRANSMIT/RECEIVE RESULTS
An additional identical patch probe is placed on the opposite side of the phantom as seen in Fig. 11 . This probe has the same dimensions as the original probe, but the feed is rotated 90°t o accommodate the opposite polarization. This probe must be of opposite polarization to ensure that both probes excite the atomic spins in the same direction. Adding an extra probe to the system tests the use of B 1 shimming along with the effects of the copper strips.
By phasing the two probes 180°apart, Fig. 12(a) shows that the mode pattern can be shifted primarily to the top region. The field profile is now elongated and moved to the upper region of the phantom. The opposite is true when the probes are fed in phase. The mode pattern has now shifted toward the bottom of the phantom. When the probes are fed in quadrature, the modes merge in the center to create an extended center mode pattern. While the signal is now spread out over the majority of the phantom fairly evenly, bright spots still exist and need to be controlled. Constructive interference has created a higher peak field magnitude compared with the single probe case even with the same total input power.
Adding the copper strip array across both gaps and the phantom creates the mode structures shown in Fig. 13 . The performance is similar to the single probe case with the copper strip array, Fig. 9(e) . In this case, however, the peak signal is slightly lower and the field is more evenly distributed in the ends of the phantom.
The MR images from Fig. 14 show the case of one probe transmitting and both probes receiving. As expected, the lower mode pattern is brighter in every case due to the placement of the transmit probe. Similarly to the single probe case, the middle pattern tends toward the right (posterior) of the image. The mode pattern farthest from the excitation in Fig. 14(a) is much brighter than in the single probe case and in Fig.  14(b) . This confirms reciprocity between the transmit and receive field patterns. Interestingly, the SNR is slightly lower in the combined case, as shown in Table II . This is most likely due to the additional noise present in combining the two images without any additional power. This SNR figure has increased dramatically compared with the single probe case; however, the setup, mainly the T/R switch module, and imaging parameters also changed between experiments.
The two transmitting probes allow B 1 shimming, which here consists in adjusting the relative phase of the excitations to create a region as homogeneous as possible. For this experiment, top, bottom, and center focusing regions were defined. From Fig. 15(c) , B 1 shimming produces a more homogeneous signal in the center of the phantom connecting the two bright mode structures. The shift of the center mode is Initially, the copper strip array is added to the system without attempting B 1 shimming. The image shown in Fig. 15(d) has structural similarity to the simulated field profile; Fig. 13(b) shows a noticeable SNR improvement over the two probe case and a broadening of the field similar to that seen in the single probe case with a copper strip array. The simulated field strength has a five times field strength increase over the initial case with one probe and no copper strip array. The actual result is 1.86 times higher than the SNR as the single transmit probe case, Fig. 14(c) .
V. 10.5-T SIMULATED AND EXPERIMENTAL RESULTS
Traveling-wave excitation and detection systems in MRI can potentially be advantageous in terms of providing a more comfortable environment for patients, a larger field of view, imaging hard-to-reach organs (e.g., prostate gland) and some areas that are difficult to access with MRI, as well as enabling new spatial encoding schemes and a variety of mode sensitivity profiles [35] . As the wavelength decreases in size compared with the imaging volume, the quasi-static approach suffers. To illustrate this concept, a 7-T head coil tuned to work at 10.5 T (447 MHz) is imaged. A smaller phantom with a 12-cm diameter and 20-cm length is used as the imaging volume for the head coil. As shown in Fig. 16(a) , inhomogeneity due to modes is present in the classical volume coil excitation. This mode structure is identical to the simulated patch probe excitation for the same phantom. This shows that, independent of the approach, similar mode patterns appear for a given phantom, indicating that similar solutions for improving field homogeneity could be applied to travelingwave and classical excitations. However, the excited region for a traveling-wave excitation extends farther than in the case of near-field coil excitations [5] .
A single patch probe is excited to observe the simplest case results at 10.5 T so they can be compared with simulations. The copper strip array is then wrapped around both the gap and the phantom. All images are taken using a gradient recalled echo sequence for an FOV of 16.25 × 40 cm 2 with a small flip angle.
Experiments on the 10.5-T system use the same phantom and the probe seen in Fig. 1(c) (right) . The probe is placed 15 cm from the phantom, similar to setup of the 7-T experiments. Due to the increase in frequency, the mode pattern is more complicated compared with 7 T with the same phantom. However, the pattern obtained in the experimental MR image in Fig. 17 (a) has strong similarity with the simulated image shown in Fig. 17(b) . While some overall similarity can also be observed between field magnitude profiles observed at 7 and 10.5 T, the 10.5-T pattern clearly exhibits a more complex distribution that includes multiple local spots with high or very low field magnitude. The SNR of the experimental image was found to be 471.
It is found that a copper strip array does not improve field homogeneity since the electrical size of the bore and phantom is larger than at 7 T. It should be noted, however, that it is well known from experience that improving homogeneity in a uniform water-based dielectric phantom at high magnetic fields is typically very difficult, if not impossible. By contrast, the human head is a complex combination of different tissues, with an averaged relative permittivity r ≈ 55 offering more flexibility in terms of B 1 field modulation. Using Sim4Life, the human body tissue numerical model of a male adult (Duke, IT'IS, Zurich, Switzerland) from the IT'IS virtual population is used to load the probe with and without a copper strip array (Fig. 18) at 447 MHz and to compute the resulting B 1 distribution. The copper strip array extends from the probe, follows the contour of the head, and stops at the ear. The copper strip array limits the field propagation to only the region of interest around the brain and expands the mode pattern to the areas with nulls. This will also constrain the E-field to this area. 
VI. NUMERICAL METHODOLOGY
Current simulation methods include complex physics modeling or a quasi-static approximation of the system [36] . The physics simulations model the excitations and response on an atomic level, thus requiring extensive computational resources and time. This approach is typically done with a finite-difference time-domain solver. For high field MRI, the frequency is too high to use the quasi-static approximation as the imaging volume is electrically large. For wide-bore MRI, the computational domain becomes much larger and must model the interactions between the RF excitation and the bore.
The goal of this analysis is to simplify the numerical problem without introducing significant additional error. Only one excitation and the transmit probe are modeled, since this adequately illustrates the problem, while introducing more excitations and boundary structures would further increase computational resources. This analysis is done using Ansys HFSS finite-element modeling with mixed order basis functions for the 10.5-T system. The time presented is total CPU time on a 3.6 GHz Intel i7-3820. To observe the effect of the bore, four different approaches are taken and results compared with a control case. The chosen control simulation is the complete system of the bore and gradient coil as shown in Fig. 1(b) . An air box with a radiation boundary is placed around the bore. This simulation approximates the physical setup of the MRI and is shown in Fig. 17(b) . To ensure adequate mesh coverage and overlap for comparison, the maximum mesh size inside of the phantom is set at 1.5 cm. This simulation takes 1:37:05 (h:min:s) and requires 19.7 GB of RAM.
The first approach simply removes the bore from the simulation. The reasoning here is that the field from the probe diminishes relatively quickly, and thus, the bore has little effect. The resulting simulation can be seen on the left in Fig.  19(a) with the overall percent error shown on the right. The main difference from the control simulation lies in the gradient of the field intensity. The fields decay slightly slower resulting in a somewhat expanded mode pattern. This simulation is not much faster at 01:20:36 and uses 18 GB of RAM. With this approach, the average error across the field slice is 18.51%. This setup is important as not all software allow complete control over the outer boundary conditions.
The next approach removes the bore and gradient coil, leaving just the probe, phantom, and a radiation boundary. This reduces the simulation time down to 00:58:19 and a total RAM usage of 14.9 GB, but at great cost. As expected, the field profile significantly changes as shown in Fig. 19(b) . The field propagation through the phantom is very poor and, overall, Fig. 17(a) . This result clearly highlights the importance of the waveguide effects of the MRI system when using the excitation probes investigated in this paper. The average error is much higher at 28%.
The third approach keeps the bore and gradient coil in place, and adds a radiation boundary to the opening of the bore. This reduces the simulation time down to 01:14:05 with a total RAM usage of 16.8 GB. The reduction can be attributed to removing the overmodeled exterior of the system. The average error is lower at 12.33%. The plot is not shown, however, the results are nearly identical to the next approach in Fig. 19(c) , where the bore is eliminated and radiation boundaries placed on the faces of the gradient region. This only slightly reduces the simulation time to 00:57:33 and RAM usage to 14.1 GB. The result shown in Fig. 19(c) matches the control simulation very well. The average error remains similar at 12.42%.
These simulations, summarized in Table III , are useful in providing an overall understanding of what to expect. While this simulation is relatively simple and short, the complexity must increase in order to improve the homogeneity of the excited B-field. This quickly increases the simulation time. Additional steps can be taken to improve the simulation by modifying HFSS solver parameters; however, these are specific to the application and will not be explored.
VII. CONCLUSION
This paper has shown single patch probe excitation benefits and difficulties. The patch probe can be placed a significant distance from the imaging volume (d = 15-25 cm) for improving patient comfort. Unfortunately with only a single probe, the spatial coverage for the received power is low and the image quality suffers. Using a copper strip array can improve the coupling for the transmit and receive, and depending on the structure, it can modify the excited modes inside the imaging volume. At 10.5 T, the copper strip array did not perform as well as expected compared with simulations. However, this is not surprising since it was designed for 7-T use. Further simulations will be necessary to determine how to optimize the approach at 447 MHz. Two patch probes were used to show benefits of B 1 shimming. By phasing two probes together with and without a copper strip array, the region of interest can be shifted along the phantom. These initial investigational setups described in this paper were not tailored to MRI clinical settings, and produced RF excitation that would not extend through the whole human body. However, it is anticipated that further developments may result in better coverage, including phasing traveling-wave probes together as they wrap around the imaging volume.
